Abstract
Introduction
Since the introduction of shock wave lithotripsy (SWL) in the early 1980s, SWL has become a safe and accepted treatment modality for most intra-renal stones and many ureteral stones [1] . Despite the popular use of SWL, controversy remains regarding its success rate and the optimal shock wave (SW) frequency to achieve stone-free status. In vitro and animal studies have demonstrated that stone disintegration is influenced by the rate of SW administration, and slowing the rate to less than 120 SW/minute may improve stone fragmentation [2, 3] . However, few clinical studies have evaluated the effect of varying SW frequency on stone fragmentation efficiency in humans [4, 5] .
The newly introduced network meta-analysis is a meta-analysis approach in which multiple treatments are compared using direct comparisons of interventions within randomized controlled trials (RCTs), and indirect comparisons are performed across trials based on a common comparator [6] [7] [8] [9] . We performed a systematic review and network meta-analysis of RCTs to decide the optimal SW frequency range for disintegrating urinary stones by SWL. Frequency ranges were defined as high-frequency (100-120 SWs/minute), intermediate-frequency (80-90 SWs/minute), and low-frequency (60-70 SWs/minute).
Materials and Methods

Inclusion Criteria
Published RCTs that were in accordance with the following criteria were included: (i) Study design assessed different SW frequency ranges (100-120, 80-90, and 60-70 SWs/minute) to treat urinary tract stone disease. (ii) Baseline characteristics of patients from two or more groups were matched, including the total number of subjects and the values of each index. (iii) Outcomes of SWL were analyzed by stone-free or success rate according to each group. (iv) Standard indications for SWL to treat urinary tract stone disease were accepted. (v) Endpoint outcome parameters also included complication rate. (vi) The full text of the study was available in English. This report was prepared in compliance with the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) statement (accessible at http://www. prisma-statement.org/) [10] . A protocol for this study was shown in S1 Table.
Search Strategy
A literature search of all publications before 31 May 2015 was performed in EMBASE and PubMed. Additionally, a cross-reference search of eligible articles was performed to identify studies that were not found during the computerized search. The proceedings of appropriate meetings were also searched. Combinations of the following MeSH terms and keywords were used: extracorporeal shock wave lithotripsy, shock wave lithotripsy, frequency, renal stone, ureter stone, urolithiasis, success rate, stone-free, and randomized controlled trial (S2 Table) .
Data Extraction
A researcher (DHK) screened all titles and abstracts identified by the search strategy. Two other researchers (KSC and WSH) independently evaluated the full text of each paper to determine whether a paper met the inclusion criteria. Disagreements were resolved by discussion until a consensus was reached or by arbitration mediated by another researcher (JYL).
Quality Assessment for Studies
After the final group of papers was agreed upon, two researchers (DHK and KSC) independently evaluated the quality of each article. The Cochrane Collaboration risk-of-bias as a quality assessment tool for RCTs was used. This assessment includes assigning a judgment of "yes", "no", or "unclear" for each domain to designate a low, high, or unclear risk of bias, respectively. If 1 domain was deemed "unclear" or "no", then the study was classified as having a low risk of bias; if 2-3 domains, then moderate risk of bias; and if !4 domain, then a high risk of bias [11] . Quality assessment was performed with Review Manager 5 (RevMan 5.2.11 software, Cochrane Collaboration, Oxford, UK).
Heterogeneity Tests & Inconsistency Assessment
Heterogeneity of included studies was examined using the Q statistic and Higgins' I 2 statistic [12] . Higgins' I 2 measures the percentage of total variation due to heterogeneity rather than chance across studies. Higgins' I 2 was calculated as follows:
in which "Q" is Cochran's heterogeneity statistic, and "df" is the degrees of freedom. An I 2 ! 50% is considered to represent substantial heterogeneity [13] . For the Q statistic, heterogeneity was deemed to be significant for p<0.10 [14] . If there was evidence of heterogeneity, the data were analyzed using a random-effects model. Studies in which positive results had been confirmed were assessed with a pooled specificity using 95% CIs. In addition, L'Abbe plot and Galbraith's radial plot were created to evaluate heterogeneity [15, 16] . To assess inconsistency in the network, Cochran's Q statistic and a net-heat plot were used and developed by Krahn et al. [17] . The net-heat plot is a graph that helps to identify pairwise comparisons that might be potential sources of important inconsistency in the network. A node-splitting analysis of inconsistency was applied in the forest plots of a network meta-analysis [18] .
Statistical Analysis
Outcome variables measured at specific time points were compared in terms of odds ratios (OR) or mean differences with 95% CIs using a network meta-analysis. Analyses were based on non-informative priors for effect sizes and precision. Convergence and lack of auto-correlation were confirmed after four chains and a 50,000-simulation burn-in phase; finally, direct probability statements were derived from an additional 100,000-simulation phase. The probability that each group had the lowest rate of clinical events was assessed by Bayesian Markov Chain Monte Carlo modeling. Sensitivity analyses were performed by repeating the main computations with a fixed-effect method. Model fit was appraised by computing and comparing estimates for deviance and deviance information criterion. All statistical analyses were performed with Review Manager 5 and R (R version 3.2.5, R Foundation for Statistical Computing, Vienna, Austria; http://www.r-project.org), the latter with associated netmeta, and gemtc packages for pairwise and network meta-analyses.
Results
Eligible Studies
The database search retrieved 55 articles covering 236 studies for potential inclusion in the meta-analysis. Forty-two articles were excluded according to the inclusion/exclusion criteria; 28 articles were retrospective models, 11 articles were reviews, and 5 articles were reported as case series. The remaining 13 articles were included in the qualitative and quantitative synthesis using pairwise and network meta-analyses (Fig 1) . Data corresponding to confounding factors derived from each study are summarized in Table 1 . Eight studies compared low-frequency SWL versus high-frequency SWL [5, [19] [20] [21] [22] [23] [24] [25] . Four trials reported outcomes between low-versus intermediate-frequency SWL [20, [26] [27] [28] . Three studies compared outcomes between high-and intermediate-frequency SWL [20, 29, 30] (Fig 2) . We summarized the success and complications of enrolled studies in Table 2 .
Quality Assessment
Fig 3 presents details of quality assessment, as measured by the Cochrane Collaboration risk-ofbias tool. Seven trials exhibited a moderate risk of bias for all quality criteria and two studies were classified as having a high risk of bias ( Table 1 ). The most common risk factor for quality assessment was the blinding of participants and personnel (performance bias), and the second most common parameter concerned the blinding of outcome assessment (detection bias). These biases are related to study design, which can be performed in single-blinded or non-blinded formats. 2 df (P = 0.02) and I 2 = 76.1% in the test for subgroup differences. Thus, in success-rate analyses, the random-effect models were applied using the Mantel-Haenszel method. In the analysis of SWL complication rate, a heterogeneity test also demonstrated homogeneity with χ 2 = 6.58 with 8 df (P = 0.58) and I 2 = 0% in total test, and χ 2 = 0.53 with 2 df (P = 0.77) and I 2 = 0% in the test for subgroup differences. Because there was no heterogeneity in forest plots for complication rate, the fixed-effect models were applied using the Mantel-Haenszel method. In the L'Abbe plot, the success rate showed comparable inter-study heterogeneity (Fig 6A) , and the complication rate had slight heterogeneity in the L'Abbe plot ( Fig 6B) . Radial plots revealed that three studies were located outside of the 95% CI of linear prediction ( Fig 6C) ; however, the complication rates of all studies were inside of the 95% CI of linear prediction ( Fig 6D) . On the assessments of homogeneity and consistency, the Q statistic showed inconsistency throughout the entire network (P = 0.073) and within designs (P = 0.0263); however, no inconsistency was found between designs (P = 0.8434) on the success rate analysis. The Q statistic for the entire network between designs (after detaching single designs) demonstrated no inconsistencies among all comparisons and triple comparisons with loops on success rate analysis. Additionally, on complication analysis, there was no inconsistency in the Q statistic (Table 3) . On node-splitting analysis, no comparison demonstrated inconsistency among direct, indirect, and network comparisons (Fig 7) . The net-heat plot also showed that there was only slight inconsistency throughout the entire network in terms of the success rate (Fig 8A) , and there was no inconsistency in terms of the complication rate ( Fig 8B) .
Heterogeneity and Inconsistency Assessment, and Publication Bias
Funnel plots from pairwise meta-analyses are demonstrated in Fig 9; however, it was difficult to assess publication bias using a limited number of studies, although some degree of bias is suspected. In addition, the Begg and Mazumdar rank correlation tests and Egger's regression intercept tests for the success rate showed publication bias (P = 0.046 and P = 0.005, respectively). However, for the complication rate, there was no publication bias based on the two tests (P = 0.273 and P = 0.485, respectively). Pace et al [19] (Fig 5) . On subgroup analyses, there were no differences in the success rate for stones of less than 10 mm (Fig 10) . However, for stones of 10 mm or greater, the success rate of low SW was higher than high SW (OR 0.31; 95% CI 0.17-0.56; P<0.001). Intermediate SW analyses that included only one study demonstrated success rates that were higher than high SW and lower than low SW (Fig 11) . In renal stones, the success rate of low SW was higher than that of high SW (OR 0.47; 95% CI 0.27-0.81; P = 0.006; Fig 12) . Network Meta-analysis of Success and Complication Rates of SWL
On network meta-analyses, the success rates of low-(OR 2.2; 95% CI 1.5-2.6) and intermediate-frequency SWL (OR 2.5; 95% CI 1.3-4.6) were higher than high-frequency SWL (Fig 7A) . Forest plots from the network meta-analysis also showed no significant differences in the success rate between low-frequency SWL versus intermediate-frequency SWL (OR 0.87; 95% CI 0.51-1.7). In complication rate, there were no differences across all SW frequency categories (Fig 7B) . In the rank-probability test, intermediate-frequency SWL had the highest rank for success rate, followed by low-and high-frequency SWL (Fig 13) . Low-frequency SWL was also ranked highest for low complication rate. High-and intermediate-frequency SWL were ranked lowest for low complication rate. A P-score test using a frequentist method to rank treatments in the network demonstrating intermediate-frequency SWL (P-score; 0.928) was superior to low-(P-score 0.572) and high-frequency SWL (P-score 0) in terms of the success rate [31] . Regarding the complication rate, the P-scores of low-, intermediate-and high-frequency SWL were 0.933, 0.217, and 0.350, respectively.
Discussion
With SWL implementation for curing urinary stone disease, balancing increased success rate with decreased complication remains a perennial problem for urologists. Many studies have shown that urinary stone size and location, lithotripter type, and operator skill are factors that influence the success rate of SWL treatment. Moreover, to maximize efficacy and SWL success rate, studies have focused on the effects of modifying controllable factors, such as SW frequency, maximum voltage escalation rate, and total number of shocks. In general, altering these factors is likely to illuminate an inverse relationship between the SWL efficacy and occurrence of complications, depending on the magnitude of change. Thus, it is important to determine the optimal range of these parameters that satisfies both efficacy and stability. Especially, many researchers have been interested in efficacy and stability resulting from using different SW frequencies.
Since the introduction of SWL, the most commonly used SW frequency has been 120 SW/ minute. However, in vivo and in vitro experiments and clinical research from the mid-1990s showed that reducing the SW frequency increases stone fragmentation [2] [3] [4] . Since then, several RCTs have begun investigating the effect of decreasing SW frequency on procedure efficacy. The first RCTs were studies conducted by Madbouly et al [5] and Pace et al [19] . These groups compared the treatment outcome of SWL at 120 SW/minute versus 60 SW/minute, and both studies showed better outcomes using low-frequency SWL. Since then, several studies have further compared the influence of delivering high-frequency SWs versus low-frequency SWs, and confirmed improved results with low-frequency SWL [20, [22] [23] [24] [25] . , and Galbraith's radial plots of success (C) and complication rates (D). In the L'Abbe plots, the success rate showed comparable inter-study heterogeneity, and the complication rate had slight heterogeneity. Radial plots revealed that three studies were located outside of the 95% CI of linear prediction; however, the complication rates of all studies were inside of the 95% CI of linear prediction. Though the mechanism underlying the relative benefit of low-frequency SWL remains uncertain, several hypotheses have been generated regarding cavitation bubble generation. The first possible mechanism involves decreased mismatch of acoustic impedance [32] . This hypothesis states that higher SW delivery rates result in less effective SW energy transmission due to acoustic scattering and dampening, likely because of increased cavitation bubble production [33] . The shorter interval between SW pulses at higher delivery rates, the more bubbles are generated. Although cavitation bubbles on stone surfaces contribute to stone fragmentation, continuous cavitation bubbles act as a barrier to SW energy transmission by forming bubble clouds, thereby reducing stone fragmentation effects. Thus, slower SW delivery rate removes the bubble barrier extent on the stone surface and supports better cluster dynamics that facilitate superior fragmentation [34] . Based on these hypothesized mechanisms, most studies that compared low-frequency versus high-frequency SWL have shown better results with low-frequency SW delivery. However, in the study conducted by Davenport et al [21] , there was no difference in effectiveness between these two broad SWL frequency groups. The authors believed that the main reason for the similar results was that their studies were performed only on patients with small stones that were limited to the kidney. Our comprehensive meta-analyses of all reported RCTs to date confirm that performing SWL with a lower SW rate results in better outcomes than with a higher SW rate.
Though low-frequency SWL is more effective than high-frequency SWL, the main drawback is that it takes a longer time. Furthermore, although SWL approaches differ among countries and global regions, cost effectiveness aspects of lower SW delivery rates should be considered. Thus, several researchers have begun to take interest in using intermediate-frequency SWL. Li et al [29] reported that in 116 patients with renal or ureteral stones, 90 SW/minute led to better treatment outcomes than using 120 SW/minute, and the success rate was particularly increased in patients having a stone >10 mm. Salem et al [30] performed a study conducted on pediatric patients having larger renal stones (size range 10-20 mm), and intermediate-frequency SWL had significantly better treatment outcomes than using high-frequency SWL. In our meta-analysis, the intermediate SW rate had significantly better efficacy than high-frequency SWL. Though differences in efficacy between high-frequency versus intermediate-and low-frequency SWL are obvious, there remains controversy about the comparative efficacy of [20] observed no difference in treatment outcome when comparing 90/minute and 60/minute SW rates, but the 90 SW rate was considered to be the optimal frequency because of reduced procedural duration. Mazzucchi et al [26] reported no difference in the stone-free rate between two groups: one using 3000 total pulses at the 60 SW/minute rate, and the other implementing 4000 pulses at the 90 SW/minute rate. In a study of 154 patents with distal ureter stones, the 60 SW/minute rate showed better outcomes Network Meta-Analysis of Optimal SWL Frequency than the 80 SW/minute rate [27] . However, another study observed that the 90 SW/minute rate showed better outcomes than the 60 SW/minute rate [28] . Those researchers presented a different view than previous theories, and assumed that an increased SW delivery rate enhances cavitation bubble production on the stone surface, which enhanced fragmentation. In our meta-analysis, there was no significant efficacy difference between the intermediate-frequency and low-frequency groups. However, in the rank test, the intermediate SW rate was ranked highest for success. Because it remains difficult to conclusively determine the treatment outcome of the intermediate versus low SW rate with the existing data, large-sample RCTs should be performed.
We also performed a subgroup analysis for more stratified outcome data by size and location. There were several RCTs divided by 10-mm stone size, and there were no differences in the success rate for stones less than 10 mm. However, for stones of 10 mm or greater, the success rate of low SW was higher than high SW (five studies). The effect of SWL can be enhanced with larger stones, where SW energy is more effectively delivered to the stone surface, and this may be impacted by SW frequency. However, as only three studies included intermediate SW for stones of 10 mm or greater, the clinical significance might be very weak for intermediateversus high-frequency groups and intermediate-versus low-frequency groups.
As an indicator of treatment success, the complication rate is as important as the efficacy rate. Though decreased SW frequency may reduce incidental damage because of the decreased total number of shocks, it concurrently shows more effectiveness in stone fragmentation due to the altered cavitation bubble dynamics. Capillary rupture can be avoided by allowing more time for bubbles to dissipate between shocks [35] . Nonetheless, our pairwise and network meta-analyses indicated that there is no significant difference in the complication rate among Network Meta-Analysis of Optimal SWL Frequency the three SW-frequency groups. The reason might be because most studies have shown very low overall complication rates of SWL, without reference to using any specific SW frequency, which reflects the overall safety of the SWL approach. Therefore, although there might be no need to place great importance on potential complications when determining the optimal frequency for SWL, our rank-test results showed that low SW frequency was ranked highest for the low complication rate. Thus, an additional study on complications of SWL depending on applied SW frequency is needed.
One limitation of our meta-analysis is that we did not assess the impact of the total number of SWs delivered as a function of SW frequency, which may have introduced critical bias. In the results, there was another limitation in that the success rate showed a degree of heterogeneity in the forest, L'Abbe, and radial plots. Thus, we used a random effect model to analyze the outcome in terms of the success rate. Additionally, our study was also susceptible to a degree of publication bias. However, Sutton et al. reviewed 48 articles from the Cochrane Database of Systematic Reviews and showed that publication bias and related biases were common within their meta-analysis sample [36] . They found that these biases did not affect the conclusions in most cases. Similar to heterogeneity, inconsistency is caused by effect modifiers and specifically by an imbalance in the distribution of effect modifiers in the direct and indirect evidence from the network meta-analysis [37, 38] . In our study, there was only slight inconsistency on network analyses using Cochran's Q statistic, node-splitting analysis, and net-heat plots. Thus, in our results, there was agreement between direct and indirect comparison. Despite these limitations, our study has sufficient value as a meta-analysis because it spans studies performed over a Rank-probability test of network meta-analyses. Intermediate-frequency SWL had the highest rank for success rate, followed by low-and high frequency SWL (A) Low-frequency SWL also ranked highest for low complication rate, (B) High-and intermediate-frequency SWL were ranked lowest for low complication rate.
longer period than previous analyses [39] . Moreover, the current study is unique as it applied network meta-analysis methods in order to enhance the statistical confidence and overcome the limitations of pairwise meta-analysis.
Conclusions
Network meta-analysis of published RCT data on SWL frequency confirms that intermediatefrequency and low-frequency SWL show better treatment outcomes than high-frequency SWL in terms of both efficacy and complication rates. However, we require more data to conclusively determine whether intermediate versus low SW rates produce optimal results in SWL.
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